Xenorhabdus nematophila are Gram-negative bacteria that engage in mutualistic associations with entomopathogenic nematodes. To reproduce, the nematodes invade insects and release X. nematophila into the haemolymph where it functions as an insect pathogen. In complex medium, X. nematophila cells produce two distinct types of intracellular crystalline inclusions, one composed of the methionine-rich PixA protein and the other composed of the PixB protein. Here we show that PixB crystalline inclusions were neither apparent in X. nematophila cells grown in medium that mimics insect haemolymph (Grace's medium) nor in cells grown directly in the insect haemocoel. The identified pixB gene was regulated by a conserved s70 promoter while the pixA promoter was less well conserved. Expression of pixA and pixB under biological conditions was analysed using GFP promoter reporters. Microplate fluorescence detection and flow cytometry analyses revealed that pixB was expressed at high levels in Grace's medium and in insect haemolymph and at lower levels in complex medium, while pixA was expressed at lower levels under all conditions. Although pixB was highly expressed in Grace's medium, PixB crystalline inclusions were not present, suggesting that under biological conditions PixB production may be controlled post-transcriptionally. Although a pixB-minus strain was constructed, the function of PixB remains unresolved. The pixB gene was present in few Xenorhabdus species and pixB-type genes were identified in some Proteobacteria and Grampositive species, while pixA was only present in Xenorhabdus species. Two conserved sequences were identified in PixB-type proteins that characterize this previously unrecognized gene family.
INTRODUCTION
Xenorhabdus spp. are Gammaproteobacteria that engage in a unique symbiotic life cycle with two different eukaryotic hosts [1] [2] [3] [4] [5] [6] [7] . Xenorhabdus bacteria form a mutualistic association with specific Steinernema nematodes, colonizing the anterior region of the nematode intestine [8] [9] [10] . To reproduce, the nematode enters the mouth or anus of susceptible insects, perforates the intestinal wall and migrates to the haemocoel where it releases Xenorhabdus into the haemolymph [11] . The bacteria proliferate in the haemolymph and function as pathogens that participate in killing the insect host. More than 20 Xenorhabdus species and 50 Steinernema species have been characterized [12] . Some Xenorhabdus species, such as Xenorhabdus bovienii, are promiscuous, colonizing nine different species of Steinernema nematodes [13, 14] . Numerous aspects of the mutualistic interactions between specific Xenorhabdus strains and their cognate nematode partners can vary considerably. For example, the level of colonization in specific bacteriumnematode pairs has been found to differ markedly [15] . Likewise, the pathogenic potential of diverse Xenorhabdus strains can be highly variable [16] [17] [18] .
Xenorhabdus nematophila, the symbiont of the nematode Steinernema carpocapsae, has been studied extensively [3, 4, 6] . X. nematophila colonizes a specialized intestinal receptacle of the infective juvenile (IJ) form of S. carpocapsae [9] . When it is released in the insect haemocoel, X. nematophila produces immunosuppressive compounds to neutralize the insect immune system, and secretes insect toxins that participate in killing the host [19] [20] [21] [22] . As the bacteria proliferate to a high cell density they secrete exoenzymes that degrade insect tissue and antibiotics that suppress the growth of microbial competitors [6, 23, 24] . S. carpocapsae utilizes digested macromolecules of the insect cadaver as well as the bacterial cells for nutrient resources, and undergoes two to three generations of sexual reproduction [3, 6] . Upon depletion of nutrients within the insect cadaver, S. carpocapsae develop into the non-feeding IJ stage that is colonized by X. nematophila. This nematode-bacterial complex then exits the insect cadaver and proceeds through the soil in search of a new insect host [25] .
When grown in complex medium, X. nematophila displays the unusual property of producing protein aggregates inside the cell that form crystalline inclusions. X. nematophila produces two distinct intracellular protein inclusions [26] . Whether the crystalline inclusions are produced under natural conditions, such as growth in an insect host, has not been investigated. One protein inclusion is composed of the methionine-rich PixA protein, consisting of 185 amino acid residues [27] . Expression of the pixA gene and production of the PixA protein were elevated in cells transitioning to stationary phase growth. Inactivation of pixA did not alter the phenotypic properties of X. nematophila, and did not affect virulence toward larval stage insects or the reproduction and colonization of nematodes grown in infected insects. The second crystalline inclusion is composed of the 22 kDa PixB protein (previously called IP2 ; 26] ). Western blot analysis of inclusion bodies from cells grown in complex medium revealed that PixB was produced before PixA. The gene encoding PixB had not previously been identified.
In the present study we show that, unlike in complex medium, crystalline inclusions were not detectable in cells grown in haemolymph-like defined medium (Grace's medium) and were not apparent in cells grown in the insect haemocoel. The pixB gene was identified and was found to be expressed at higher levels in cells grown under biological conditions than in complex medium, while pixA was expressed at lower levels under all conditions. Several lines of evidence suggest that PixA and PixB are not functionally redundant proteins. The pixB gene was present in some Xenorhabdus species and was prevalent in diverse proteobacterial species, while pixA was present only in Xenorhabdus species. Two conserved sequences identified in PixB proteins of Xenorhabdus and diverse proteobacteria were not conserved in PixA. Genomic and phylogenetic analyses indicated that pixB-type genes belong to a previously unrecognized gene family.
METHODS
Bacterial strains, media and growth conditions Table S1 (available in the online version of this article) lists the strains and plasmids, and Table S2 lists the primers used in this study. The following media were used: lysogeny broth (LB), -1.0 % tryptone (Bacto), 0.5 % yeast extract (Difco), 0.5 % NaCl (JT Baker) and 1.2 ml 0.81 M MgSO 4 per litre (Fisher); Grace's insect cell culture medium (Gibco) prepared as per directions with pH adjusted to 6.1; nematode growth media (NGM) -0.3 % NaCl, 0.25 % peptone (Bacto), 1.7 % agar (Difco) and 1.0 ml 1 M CaCl 2 , 1.0 ml (5.0 mg ml À1 ) cholesterol, 1.0 ml MgSO 4 and 25.0 ml 1M KPO4 buffer (pH 6.0) was added per litre of media. Peptone glucose sorbitol (PGS) -1 % peptone (Bacto), 1 % NaCl (JT Baker), 1 % glucose (Mallinckrodt Chemicals) and 0.15M sorbitol (VWR). Media were supplemented with kanamycin (30 µg ml À1 ), ampicillin (50 µg ml À1 ) or chloramphenicol (10 µg ml À1 ) as required. Bacterial cultures streaked from À80 C glycerol stocks were grown at 28 C (Xenorhabdus) or 37
C (E. coli) for 24-48 h and stored at room temperature (22 C) for up to one week. Liquid cultures were incubated on a gyratory shaker at 30 C (Xenorhabdus) or 37 C (E. coli). Media storage and growth of Xenorhabdus were done under limited light conditions [23, 28] .
Rearing of Manduca sexta larvae and obtaining X. nematophila from infected insects M. sexta larvae were raised from eggs obtained from Carolina Biological Supply Company. Hatched eggs were incubated in plastic cups at 24 C with a 16 h light/8 h dark photoperiod and raised as previously described [24] . Fourth-instar-stage larvae were used for all experiments. To obtain X. nematophila from infected insects, overnight cultures were subcultured 1 : 20 in 5.0 ml LB broth and incubated for an additional 4 h at 30 C. Subcultures were then serially diluted in Grace's medium and 50 µl of a 1 : 1000 dilution was injected behind the left first proleg of insects, which were anaesthetized on ice for 15-20 min and cleansed with 70 % ethanol. Injections were carried out using a 1.0 ml, 0.45Â16 mm Sub-Q syringe (Becton Dickinson Co.) that was mounted on a Stepper repetitive pipette (Dymax Corp.). Haemolymph was collected from anaesthetized insects cleansed with 70 % ethanol and incised beneath the last proleg. Haemolymph was collected and pooled together in 1.5 ml tubes on ice.
Transmission electron microscopy analysis of X. nematophila NMI1 Cultures of X. nematophila NMI1 in LB broth (LB), Grace's medium (GM) and haemolymph obtained from infected insects were prepared for transmission electron microscopy as follows. LB and GM cultures were grown at 30 C to stationary phase (OD 600 values were 1.5 and 0.27, respectively). One millilitre of 0.1 M HEPES, pH 7.2 and 1 ml of 25 % EM-grade glutaraldehyde were mixed together and immediately added to 8 ml of LB cultures. For GM cultures, because of lower cell density, 4 ml each of buffer and glutaraldehyde were mixed together as previously described and added to 36 ml of GM cultures. After the addition of buffer and glutaraldehyde, the cells were fixed for 30 min at RT. After fixation, the cells were pelleted (IEC HN-s2 swinging bucket centrifuge) at 700 rcf for 4 min (LB) or 1500 rcf for 10 min (GM) and resuspended at every following step. Cells were rinsed two times with 0.01 M HEPES pH 7.2, post-fixed in 1 % osmium tetroxide for 1 h, dehydrated in an acetone series (20 % increments, 30 min each, 3 changes of 100 % acetone) and infiltrated with Spurr's resin modified by the addition of Quetol resin [29] in 20 % increments diluted with acetone. After three changes of 100 % resin, cells suspended in the final change of resin were transferred into conical BEEM capsules and pelleted using a microcentrifuge, followed by polymerization at 60 C for 22 h. Silver sections were cut with glass knives using an RMC MT-7 microtome, placed onto 200 mesh Cu grids, stained with 1 % uranyl acetate followed by Reynolds' lead citrate. Multiple non-serial stained sections containing hundreds of cells were examined with a Hitachi H-600 TEM operating at 75 kV. Representative micrographs of cells were captured on Kodak 4489 TEM film, and the developed film was scanned with an Epson Perfection V750 Pro scanner to obtain digital images.
Identification of the pixB gene N-terminal sequence analysis of PixB protein was performed to identify the pixB gene in the X. nematophila genome. Fractions enriched in PixB inclusions were isolated by a method modified from Couch and Gregson (26) . One hundred millilitres of stationary phase culture was centrifuged, pellets were resuspended in 10 ml K 2 HPO 4 /NaCl pH 7.3 and sonicated on ice (2 cycles for 10 min). The sonicate was layered on 20 ml 30 % glycerol cushions, centrifuged for 5 min (450 g) and the glycerol fraction was centrifuged again (120 000 g for 5 min). Pellets were suspended in 5 ml of saline and layered onto a 70/60/30 % glycerol gradient (10 ml each). Gradients were centrifuged (1500 g for 15 min), then the 60 % layer was removed and diluted with saline 1 : 1 and centrifuged (120 000 g for 5 min). Pellets were washed two times in saline, suspended in 80 µl of 1Â SDS loading buffer and solubilized protein was applied to a 16.5 % polyacrylamide gel (15mA for 8 h). Proteins were transferred to Immobilon-P membrane (Millipore) in a BioRad Trans-Blot Cell (90 mA for 10 h at 4 C), stained in 40 % methanol, 1 % acetic acid and 0.1 % Coomassie blue. Membrane bands containing the PixB protein were excised and used to sequence the first 21 N-terminal amino acids (Medical College of Wisconsin Protein Analysis Facility).
Insertional inactivation of pixB
Internal sense primer M100 (5¢GCAATCTATCATGAGAG ATTTTGGC3¢) and anti-sense primer M101 (5¢CCCAATA GCAATTAACTGTTGGTTGG3¢) were designed for PCR amplification of a 356-base pair internal fragment from isolated genomic DNA (Edge Biosystems kit). The amplified fragment was ligated into pSTBlue-1 and transformed into XL1-Blue MRF' (Stratagene protocol). Transformed colonies were verified by colony PCR. Purified pSTBlue-1 containing the pixB internal fragment and pKnock-Cm [30] were then subjected to a double digest with Xba1 and Pst1. The gel purified digested insert was then ligated into pKnock-Cm (pMG002) and electroporated into E. coli S17-1 l pir. E. coli S17-1 l pir containing pMG002 was then conjugated with X. nematophila ATCC 19061. Successful conjugates were confirmed based on growth on chloramphenicol selection with insertional inactivation of the pixB (NMI2) confirmed with PCR screening.
Confirmation of the NMI2 strain by SDS-polyacrylamide gel electrophoresis Overnight cultures of X. nematophila ATCC 19061 (wildtype), NMI1 and NMI2 were grown in either LB broth or Grace's medium for 24 h. Aliquots of all cultures were normalized by optical density (OD 600 ) and equal volumes were transferred to preweighed 1.5 ml Eppendorf tubes on ice. After centrifugation in a Beckman Microfuge E at 10 000 g for 5 min at 4 C, supernatants were discarded and pellet weight calculated. Pellets were resuspended in 1.0 ml of chilled 20 mM NaPO 4, pH 7.2, and sonicated for four cycles of 2.5 min bursts at 80 % duty and output of 10. Sonicated cells were centrifuged, pellets were resuspended and then briefly centrifuged at 10 000 g for 30 s at 4 C to collect protein aggregates and inclusions that were analysed by SDSpolyacrylamide gel electrophoresis. Pellets were suspended in 20 µl of 1ÂSDS sample buffer per mg of pellet weight. Proteins were analysed on an 8-16 % gradient SDS-polyacrylamide gel in MOPS running buffer (Genscript) at 140 volts.
Phenotypic analysis of NMI1 and NMI2 strains Phenotypic characterization of X. nematophila ATCC 19061 (wild-type), NMI1 and NMI2 was conducted. Tests for catalase, oxidase, H 2 S production, amylase, gelatinase, galactose fermentation, LBTA dye binding, O 2 requirements, glucose fermentation, urease production, DNase production, nitrate reduction, indole production and sucrose fermentation were performed as previously described [27] .
Analysis of virulence of wild-type and NMI2 strains in Galleria mellonella
An aliquot (250 µl) of 18 h cultures of wild-type and NMI2 strains grown in LB broth with ampicillin was added to 5 ml fresh LB broth and grown for 4 h. Subcultures were serially diluted in Grace's medium. Ten microlitres of a 1000-fold dilution was injected into G. mellonella (Vanderhorst Wholesale, Inc). Nine insects were injected for each X. nematophila strain. Approximately 2200 colony-forming units (c.f.u.) were injected for both strains. Mortality was scored over the course of 46 h.
Viability assay
To assess the cell viability of wild-type, NMI1, and NMI2 strains, triplicate 24 h cultures were diluted 1 : 500 in 20 ml of either LB or GM and grown for 72 h at 30 C. Samples (0.4 ml) were collected at 10.5, 16, 20, 24, 48 and 72 h post inoculation. Samples and a standard curve were prepared per the LIVE/DEAD BacLight bacterial viability kit microplate protocol (Invitrogen L7012). Two hundred microlitres of each stained sample were read in a 96-well microplate (Falcon 351172). OD 600 , and fluorescence excitation and emission readings [485/500 nm (live) and 485/635 nm (dead)], were recorded in a Tecan M200pro microplate reader. Live/dead ratios for each time point were converted to percentage viable cells using a standard curve as described in the kit instructions. Cell viability was also assessed by dilution plating. Subcultures of wild-type and NMI2 strains normalized by OD 600 were used to inoculate either LB or Grace's medium. Twent-four-hour cultures were serially diluted in Grace's medium and plated on LB agar.
C. elegans nematode killing assay C. elegans was maintained on NGM plates spotted with lawns of E. coli OP50 and passaged weekly to fresh plates. Three-day-old plates were washed with M9 buffer, worms were allowed to sediment and M9 buffer was exchanged with 5.0 ml 20 % alkaline hypochlorite solution and mixed gently for 3 min. Worms were pelleted and washed with M9 buffer four times. Nematode death and egg collection was visually confirmed. Eggs in solution were hatched overnight with gentle rocking on a Nutator platform. Synchronized L1 hatchlings were visually confirmed under 100Â magnification within 24 h. The nematodes were grown on lawns of E. coli BL21 containing an inducible pixB plasmid (pMG006, see below).
Five millilitres LB containing 10 µg ml À1 chloramphenicol was inoculated with an overnight culture of E. coli BL21/ pMG006 (see below) grown in LB with chloramphenicol. After incubating for 2.5 h, the E. coli BL21/pMG006 was split and one culture was induced with 200 µl 100 mM IPTG. Cultures were then incubated for 3 h, and cells were pelleted and washed twice with 0.85 % NaCl and suspended. Four hundred microlitres of each culture were then spotted on three plates of either NGM (slow killing) or PGS (fast killing) plates and incubated overnight at 37 C. Approximately 10-15 L4 synchronized nematodes raised on lawns of E. coli BL21 were transferred to each plate. The actual number of nematodes on each plate was verified with a dissecting microscope under 50Â magnification. The number of dead worms on each plate was assessed at 24 and 48 h.
Construction of pMG006 and confirmation of induction of pixB
The inducible plasmid pGM006 was constructed by PCR amplification of the pixB gene from genomic DNA. The resulting fragment was cloned into pSTBlue. A recombinant pSTBlue plasmid containing pixB was digested with Nde1 and Xho1, and the pixB fragment was gel purified and ligated into the expression vector, pACYCDuet-1. The ligation mix was used to transform E. coli DH5a. pMG006 was isolated and transformed into E. coli BL21. PixB induction was confirmed by transferring an aliquot of uninduced and induced cultures to preweighed centrifuge tubes and pelleted. Cell pellets were briefly sonicated as described above, and proteins were analysed by SDS-PAGE gels.
Determination of transcription start sites and 5¢UTR analysis
Four millilitres of a 24 h overnight culture of X. nematophila was pelleted and cells frozen on dry ice for 10 min, followed by the addition of 1.0 ml TRIzole (Invitrogen) and RNA was extracted using standard procedures (Thermofisher.com). The dried RNA pellet was suspended in 50 µl nuclease-free distilled water. The quality and concentration of RNA were assessed by gel electrophoresis and nanodrop spectrophotometry.
The transcription start sites of pixB and pixA were determined using the 5¢ Rapid Amplification of cDNA Ends system (5¢-RACE, Invitrogen). Reverse transcription was performed utilizing antisense primer RGSP3A (pixA) or RGSP1B (pixB) and 7 µg of total RNA. The first PCR reaction utilized the sense-abridged anchor primer (Invitrogen) and anti-sense primer RGSP3B (pixB) or RGSP4A (pixA). The PCR reaction consisted of 35 cycles of 94 C for 60 s, 55 C (pixB) or 70 C (pixA) for 60 s and 72 C for 30 s. PCR products extracted from a 2 % agarose gel were column purified (Geneclean). The second PCR reaction utilized a sense-abridged universal amplification primer (Invitrogen) and the anti-sense primers as used in the first PCR reaction with identical reaction conditions. The purified PCR product was blunt-cloned into pSTBlue-1 and sequenced (Sequetech) with vector T7 sense and SP6 anti-sense primers, as well as RGSP3B (pixB) or RGSP4A (pixA) and abridged universal amplification primer.
Construction of GFP reporter plasmids X. nematophila ATCC 19061 genomic DNA was isolated using a PurElute Bacterial Genomic isolation kit as per instructions (EdgeBio). The 400-base pair 5¢UTR that included ribosome binding sites of each pix gene was amplified from gDNA with primers which incorporated a 5¢ HindIII site and a 3¢ EcoR1 site. PCR products were column purified (Geneclean). pProbe-NT (addgene) and PCR products were digested with HindIII-HF and EcoR1-HF (New England Biolabs). The 5'UTR of each gene was ligated into pProbe-NT and transformed into E. coli DH5a. Isolated plasmid DNA was then used to transform E. coli S17-1 l pir.
Conjugation of plasmids into X. nematophila Overnight cultures of X. nematophila ATCC 19061 and E. coli S17-1 l pir carrying either the pixA reporter construct (pLucy), pixB reporter (pPB400) or promoterless vector pProbe-NT were subcultured in LB and grown for 4 h. Each culture was pelleted in a 1.5 ml microcentrifuge tube, washed once with 1.0 ml LB and suspended in 1.0 ml LB. One hundred microlitres of E. coli S17-1 l pir culture were added to 100 µl of X. nematophila culture, followed by plating of 100 µl of each mixed culture on LB agar plates and incubation overnight at 28 C. Conjugation plates were washed with 2.0 ml LB broth containing appropriate antibiotics, and lawns lifted with a sterile spreader. One hundered microlitres of each washed culture were plated on LB agar plates containing selection and incubated overnight at 28 C. Conjugated colonies of X. nematophila carrying pLucy or pPB400 were verified by the presence of GFP fluorescence under l 395 nm and a negative catalase test. Cultures of X. nematophila carrying pPB400 glowed green under ambient light conditions. pix:GFP gene expression assay The expression of the pix:GFP reporter plasmids in X. nematophila was performed following the methods described in [31] . Twenty-four-hour cultures of X. nematophila carrying either pProbeNT, pLucy or pPB400 vector were diluted 1 : 500 in either LB or GM with kanamycin selection, followed by loading of 200 µl of each dilution in a 96-well plate (Corning). Surrounding wells were loaded with 200 µl of sterile water. Plates were sealed with parafilm and incubated at 28 C, with orbital agitation for 24 h in a Tecan M200 plate reader. OD 600 and GFP fluorescence (488/520 nm) were recorded every 30 min. Specific fluorescence was obtained by dividing the fluorescence values by absorbance values. Each assay was performed at least three times and readings averaged.
Flow cytometry analysis
Xenorhabdus strains carrying either pLucy, pPB400 or pProbe-NT GFP reporter constructs were analysed using a FACSCalibur flow cytometer (BD Biosciences). Dilutions were processed at 60 µl min À1 for 1 min and GFP-expressing cells gated for evaluation of population-level expression.
For in vitro analysis, 24 h cultures of each strain grown in triplicate under appropriate selection were subcultured (1 : 500) into 20 ml of 0.2 µm filtered LB or GM with kanamycin selection. Cultures incubated at 30 C for 24 h were serially diluted in 0.2 µm filtered LB or GM and analysed by flow cytometry. The mean fluorescent intensity readings of triplicate cultures from each strain were averaged.
For in vivo analysis, wild-type X. nematophila carrying either pLucy, pPB400 or the promoterless vector pProbeNT were injected into M. sexta. Overnight cultures were subcultured 1 : 20 in 5.0 ml LB and incubated for an additional 4 h at 30 C. Subcultures normalized using OD 600 values were serially diluted in GM. Fifty microlitres of a 1 : 1000 dilution were injected behind the left first proleg of 4th instar M. sexta insects as described above. Nine insects were injected per condition. At 24 and 48 h, haemolymph was collected from anaesthetized insects cleansed with 70 % ethanol and incised beneath the last proleg. Haemolymph from three insects was pooled, serially diluted in 0.85 % saline and analysed by flow cytometry.
Genomic analysis of pixB-type and pixA genes Genomic analysis was conducted utilizing the NCBI BLAST database [32] . Sequence alignments and percentage identity matrix were performed with Clustal Omega [33] .
Phylogenetic analysis of pixB-type genes Table S3 lists the sequences used for phylogenetic analysis. Percentage identity and E-value cut-off scores used were >25 and <1e
À5
, respectively. Molecular phylogenetic analysis by maximum likelihood method was performed using the MEGA7 Molecular Evolutionary Genetics Analysis platform [34] . The evolutionary history was inferred using the maximum likelihood method based on the Poisson correction model [35] . The tree with the highest log likelihood was generated. Initial tree(s) for the heuristic search were obtained automatically by applying Neighbour-join and BioNJ algorithms to a matrix of pairwise distances estimated using a JTT model, and then selecting the topology with superior log likelihood value. A discrete gamma distribution was used to model evolutionary rate differences among sites. The coding data were translated assuming a standard genetic code table. All positions with less than 95 % site coverage were eliminated. That is, less than 5 % alignment gaps, missing data, and ambiguous bases were allowed at any position. The bootstrap consensus tree inferred from 500 replicates is taken to represent the evolutionary history of the taxa analysed.
Statistical analysis
Analysis of statistical significance for difference in gene expression of pixA and pixB and comparison of viability of the NMI2 strain in comparison to the wild-type and NMI1 strains was performed using Student's t-test. Statistical significance (P<0.05) is indicated by double asterisks.
RESULTS
PixB crystalline inclusions are not produced under biological conditions Crystalline inclusions have previously been observed in stationary phase cultures of X. nematophila grown in complex medium. To analyse the formation of PixB crystalline inclusions under more biologically oriented conditions, the pixAminus strain (NMI1) was grown in either Grace's medium or the haemocoel of the tobacco horn worm, Manduca sexta. Cells harvested from stationary phase cultures or after 48 h of growth in the insect were examined by electron microscopy. Electron micrographs of representative fields are shown in Fig. 1 . As found previously, distinct crystalline inclusions were present in most NMI1 cells grown in LB broth ( Fig. 1a; [27] ). In contrast, distinct crystalline inclusions were not detected in the NMI1 strain grown in Grace's insect medium (Fig. 1b) , although diffuse electron-dense areas were apparent in less than one 1 % of cells observed. Crystalline inclusions were also not visualized in similarly prepared sections of wild-type cells grown in Grace's medium. Furthermore, neither crystalline inclusions nor diffuse electron-dense structures were detected in the NMI1 strain grown for 48 h in the haemocoel of M. sexta (Fig. 1c) . In addition, crystalline inclusions were not detected in wildtype cells grown in the insect (unpublished data). Taken together, these findings indicate that PixB crystalline inclusions were not produced in X. nematophila grown under more natural biological conditions.
Identification of the pixB gene
The above results raised the question of whether pixB is expressed in cells grown under biological conditions. To address this question the pixB gene was identified using the N-terminal sequence of PixB to search the genome of X. nematophila ATCC 19061. PixB was found to contain 183 amino acid residues including five methionine residues as compared to the 15 methionine residues in PixA. PixB and PixA share 30.1 % identity (Fig. S1) . The GC content of pixB and pixA is 38.4 and 35.7 %, respectively, as compared to the 45 % GC content of the X. nematophila genome.
The pixB and pixA promoters were identified using the 5'RACE method and RNA derived from cells grown in LB broth (Fig. S2) . The start of transcription for pixB was found 89 base pairs upstream of the start codon for PixB. Conserved s70 consensus sequences were identified at the À10 (TATATT) and À35 (TTTACA) positions of pixB. The region surrounding the s70 promoter was AT-rich. The start of transcription for pixA was found 90 base pairs upstream of the start codon for PixA. A putative À10 sequence (TATTAT) was identified for the pixA gene, but a consensus À35 sequence was not apparent. In addition, the region surrounding the pixA promoter was less AT-rich. These findings suggested that pixB may be expressed at higher levels than pixA. It was shown previously that crystalline inclusions were not produced, and that pixA expression was markedly reduced, in a lrp deletion strain [36] . We were unable to identify consensus Lrp binding sites in the regulatory regions of pixB and pixA.
To ensure that the pixB gene we identified encoded the 22 kDa PixB inclusion protein we created a strain in which pixB was inactivated (NMI2). Wild-type, NMI1 and NMI2 strains were grown in either LB broth or Grace's medium for 24 h. Protein samples processed as described in Methods were analysed by SDS-polyacrylamide gel electrophoresis. Preparations from wild-type cells grown in LB broth contained similar amounts of PixA and PixB (Fig. 2a, lane 1) . As expected, preparations from the NMI1 strain lacked PixA (lane 2) and preparations from the NMI2 strain lacked the 22 kDa PixB (lane 3). Although it appears that PixA levels were elevated in NMI2 and vice versa, this result was not reproducible so at present we cannot conclude that inactivation of one pix gene enhances the production of the other Pix protein. Protein preparations from wild-type cells grown in Grace's medium contained high levels of PixA and low levels of PixB (Fig. 2b, lane 1) . Preparations from the NMI1 strain lacked PixA and contained low levels of PixB (lane 2). In contrast, preparations from the NMI2 strain lacked PixB and contained PixA (lane 3). These findings confirmed that the pixB gene encoded the 22 kDa PixB protein. Preparations from the wild-type and NMI2 grown in Grace's medium contained PixA, suggesting that although crystalline inclusions are not observed in these cells, PixA may form protein aggregates that can be pelleted during brief centrifugation.
Expression of pixB and pixA genes under biological conditions Expression under biological conditions was assessed using GFP promoter reporter plasmids, in which the upstream regulatory regions of pixA and pixB were cloned into the pPROBE-NT reporter plasmid. Wild-type X. nematophila containing either the pixB:GFP or pixA:GFP reporter plasmid were grown in LB broth and Grace's medium, and expression was analysed in a microplate fluorescence detection assay (Fig. 3) . We confirmed that growth of X. nematophila with the respective GFP reporter plasmids was comparable to that of cells harbouring the pPROBE-NT control vector.
The expression of both pixB and pixA in cells grown in LB broth was initially detected during early exponential phase (Fig. 3a, b) . By 24 h pixB was expressed at higher levels ( Fig. 3a) than pixA (Fig. 3b) . In contrast, the expression of both pixB and pixA in cells grown in Grace's medium was initially detected during late-exponential growth (Fig. 3c, d) . Again, by 24 h pixB was expressed at higher levels (Fig. 3c) than pixA (Fib 3d). The final cell density in Grace's medium was markedly lower than in LB broth. To compare pixB and pixA expression in LB broth and Grace's medium, specific fluorescence was determined by dividing total fluorescence by cell density as measured by OD 600 . The specific fluorescence of pixB in cells grown in LB broth reached 914 units/ OD at 24 h, while in Grace's medium it was 1612 units/OD (Fig. 3e) . The specific fluorescence of pixA in cells grown in LB broth was 424 units/OD, and was 443 units/OD in Grace's medium. Together, these findings show that pixB was expressed at higher levels in Grace's medium than LB broth and at higher levels than pixA under both growth conditions. The predicted strong s70 promoter of pixB presumably accounted for its higher level of expression relative to pixA.
The finding that pixB was expressed at higher levels in Grace's medium was unexpected. This finding raised the question of whether the higher level of fluorescence was due to an increased expression per cell or that a larger percentage of cells expressed pixB. To address this question, we employed flow cytometry to analyse the mean fluorescent intensity (fluorescent units/cell) in the cell population. In 24 h LB broth cultures, the percentage of cells expressing pixA and pixB was comparable (>93 %) while the mean fluorescent intensity of pixB expression was 3.2-fold higher than expression of pixA (Fig. 4a) . Similarly, in 24 h Grace's medium cultures, the percentage of cells expressing pixB and pixA was comparable (>96 %) while the mean fluorescent intensity of pixB expression was 6.1-fold higher than pixA expression. Histograms of the cytometry patterns are shown in Fig. S3 . Taken together, these findings confirm that pixB was expressed at higher levels than pixA and at elevated levels in Grace's medium as compared to LB broth.
Analysis of pixB and pixA expression in insect haemolymph
The above findings prompted us to ask whether pixB was expressed at higher levels than pixA in cells growing in the insect haemocoel. To address this question, the respective pixB and pixA reporter strains were injected into the haemocoel of M. sexta and haemolymph obtained at 24 and 48 h post-injection was analysed by flow cytometry (Fig. 4b) . Expression of pixB and pixA was detectable at low levels at 24 h, at which time the mean fluorescent intensity of pixB and pixA was 60.3 and 30.3, respectively. The concentration of X. nematophila in the haemolymph increased markedly by 48 h, at which time pixB was expressed in 23 % of the pixB:GFP cells and reached a mean fluorescent intensity of 1515, similar to the level observed in cells growing in Grace's medium. The expression of pixB at 48 h was 3.5-fold higher than pixA. These findings indicated that pixB was expressed in a subpopulation of cells growing in the insect haemocoel and was expressed at higher levels than pixA.
Phenotypic analysis of the NMI2 strain
To elucidate the function of PixB, the physiological and biochemical properties of the NMI2 strain were assessed (see Methods) and shown to be indistinguishable from those of the wild-type strain. Similarly, preliminary virulence assays with larval stage Galleria mellonella suggested that the absence of PixB in the NMI2 strain had no effect on virulence. PixB was found to share sequence similarity with AidA of Burkholderia cenocepacia (Fig. 6, see below) , which was involved in slow-killing activity towards C. elegans [37] . To assess the potential nematicidal activity of PixB, an inducible pixB-containing plasmid (pMG006) was transferred into E. coli. Induction of PixB was confirmed by SDSpolyacrylamide gel electrophoresis analysis (Fig. S4) . The growth and survival of C. elegans on lawns of E. coli containing the pMG006 plasmid and lawns of E. coli carrying the empty vector were similar. These findings show that recombinant PixB produced in E. coli did not possess nematicidal activity towards C. elegans.
We had observed previously that the viability of X. nematophila grown in LB broth decreased during stationary phase [38] . A fluorescent live-dead staining method was used to examine the viability of the wild-type, NMI1 and NMI2 strains in LB broth cultures (Fig. 5a) . By 16 h the percentage of green-staining viable NMI1 cells had decreased while the percentage of viable NMI2 cells increased to approximately 90 % of the total cell population. Viability of the NMI2 strain remained high at 20 and 24 h, while that of the wildtype and NMI1 strains continued to decrease. Analysis of viability at 24 h by dilution plating of the LB broth cultures (Fig. 5b) yielded results that were consistent with the viability analysis by live-dead staining. In contrast, viability for all strains grown in Grace's medium was similar and did not decrease markedly during 24 h of growth (Fig. 5b, c) . These findings suggest that under specific environmental conditions, high-level production of PixB may have a detrimental effect on the viability of X. nematophila. and NMI1 (open circles). In panels (a) and (c) Live/Dead BacLight stain was added to an aliquot of each culture at the times indicated. The relative percentage viability was calculated using a standard curve. The experiment was performed in triplicate for each strain. The higher level of viability of NMI2 at 16, 20 and 24 h in LB broth was statistically significant, as indicated by the double asterisks. In panel (b), the cell viability of the wild-type strain (black columns) and NMI2 (grey columns) was also determined by dilution plating, with cell concentration represented as colony-forming units per ml (c.f.u. ml Comparative genomic analysis of pixB in Xenorhabdus species The identification of the pixB gene in X. nematophila ATCC 19061 allowed us to determine the prevalence and distribution of pixB in other Xenorhabdus strains and species. Blastp analysis of the draft genomic sequences of four other X. nematophila strains revealed that PixB in Xn-S. anatoliense, Xn-S. websteri, Xn-C2-3 and Xn-ATCC 19061 was 100 % identical, while PixB of Xn-FL was 89 % identical. The pixB gene in all X. nematophila genomes was located between dsbA and a gene potentially encoding a nickel ABC transporter.
The pixB gene was present in only 5 of the other 24 sequenced strains of Xenorhabdus (Fig. 6) . PixB of X. japonica contained 183 amino acids and shared 68 % identity with PixB of Xn-ATCC 19061, while PixB of X. cabanillasii contained 189 amino acids that shared 57 % identity with PixB of Xn-ATCC 19061. The genes flanking pixB could not be identified in the draft sequences of X. japonica and X. cabanillasii. A pixB gene was also found in 2 of 9 sequenced strains of X. bovienii. PixB in Xb-SkQ contained 180 amino acids, shared 43 % identity with PixB of Xn-ATCC 19061 and was located in a cluster of phage genes. PixB in Xb-Si contained 192 amino acids, shared 34 % identity with PixB of Xn-ATCC 19061 and was located between a holin gene and transposase genes. PixB in the X. bovienii strains shared only 31 % identity with each other while PixA proteins of X. bovienii exhibited >90 % identity. Finally, PixB of X. koppenhofferi contained 190 amino acids and shared 38 % identity with PixB of Xn-ATCC 19061. Together, these findings suggest that pixB genes were acquired by horizontal gene transfer from disparate genetic origins.
Two regions in PixB were found to be more highly conserved. A 14-amino acid conserved sequence (CS1) was located at the N-terminal region between amino acids G65 and D78 (X. nematophila numbering, Fig. 6 ). A second conserved sequence (CS2) of seven amino acids was found in the C-terminal region between amino acids G170 and P176 of X. nematophila. The sequence length between CS1 and CS2 (linker sequence, LS) was also highly conserved, consisting of 95-96 amino acid residues. During our analysis of PixB proteins we found that AidA of Burkholderia cenocepacia contained CS1 and CS2 regions that shared 75 and 57 % identity, respectively, with CS1 and CS2 of PixB of X. nematophila (Fig. 6) . AidA was the only PixB-type protein to have been studied previously [37] . While the CS1 and CS2 domains are conserved in PixB-type proteins, they are not well conserved in PixA proteins (Fig. S1 ).
X. japonica and X. koppenhofferi were the only strains we analysed that contained pixB but not pixA (Table S4 ). As in the X. nematophila strains, X. cabanillasii and the two X. bovienii strains possessed both pixB and pixA genes while 12 strains lacked both pixA and pixB. Methionine-rich PixA proteins were identified only in Xenorhabdus species, while pixB genes were present in numerous proteobacterial genomes (see below).
The PixB-type protein family in Proteobacteria To determine whether PixB-type proteins were present in other bacterial genomes, we searched the NCBI protein database with the PixB sequence of X. nematophila. Proteins that shared >25 % identity over 97 % of the amino acid sequence had e-values of <1e
À5
, and possessed conserved CS1 and CS2 sequences were designated as PixB-type proteins (Table S5 , Fig. S5 ). The molecular weight of these proteins ranged from 14 to 22 kDa and the length of their LS was between 83 and 97 residues. PixB-type proteins were present in several phyla but were most prevalent in the Proteobacteria.
To further characterize the PixB-type protein family, we performed phylogenetic analysis with a select subset of PixBtype and PixA proteins (Fig. 7) . PixB-type proteins were particularly abundant in the Gammaproteobacteria (purple diamonds). PixB and PixA proteins of Xenorhabdus spp. grouped together in a single clade. Phylogenetic relationships for the PixB-type proteins were not class-specific. For example, PixB in Pseudomonas spp was more similiar to PixB in Bradyrhizobium (Alphaproteobacteria) and AidA of Burkholderia cenocepacia (Betaproteobacteria) than to PixB proteins in other Gammaproteobacteria. Likewise, AidA shared a high level of identity with a PixB-type protein from the Gram-positive species= Mumia flava and was more distantly related to the PixB-type proteins found in other Burkholderia species. AidA is widely distributed in species belonging to the Burkholderia cepacia complex (BCC), but is not present in more phylogenetically distant species of Burkholderia [37] . These findings show that pixB-type genes are present in several Gammaproteobacteria and more distantly related bacteria, suggesting they have been subject to extensive lateral gene transfer. The PixB-type proteins represent a new family of proteins that had not previously been recognized.
DISCUSSION
In this study, we show that while intracellular crystalline inclusions are produced by X. nematophila grown in complex media, they were not formed in cells grown in Grace's medium or in insect haemolymph. These findings suggest that the formation of crystalline inclusions in cells growing in insects is not the primary function of PixA and PixB. Furthermore, the findings demonstrate that cellular events observed in complex media may not accurately reflect processes that occur under biological conditions. Based on similar solubility properties and the ability to form crystalline inclusions in complex medium, it was suggested previously that PixB (IP2) and PixA (IP1) may have redundant functions [26] . Although the functions of PixB and PixA are not presently known, our findings argue against the possibility that they possess similar functions. PixA is only found in Xenorhabdus species and contains an unusually high content of methionine residues, while PixB is more widespread, especially in the Proteobacteria, and is not methionine-rich. PixB-type proteins contains conserved CS1 and CS2 regions whereas these domains in PixA are less well conserved. In addition, the pixB gene of X. nematophila contained a conserved s70 promoter and was expressed at high levels under biological conditions, whereas pixA lacked a conserved s70 promoter and was expressed at lower levels. Finally, deletion of pixB prolonged viability during stationary phase in complex medium while deletion of pixA did not affect stationary phase viability. We showed previously that variant secondary forms of X. nematophila grown in LB broth to stationary phase did not produce crystalline inclusions [39] . S. carpocapsae nematodes were found to develop and grow normally on lawns of the secondary variant cells, suggesting that crystalline inclusion formation may not be necessary for normal nematode growth. Whether the NMI1, NMI2 and variant secondary form cells support normal growth and development in the insect host is currently under investigation.
The pixB gene of X. nematophila was found to belong to a previously unrecognized gene family that is widespread in the Proteobacteria. The only PixB-type protein that had been studied previously was AidA of Burkholderia cenocepacia that displayed slow-killing activity against C. elegans [37] . In contrast, growth of C. elegans on E. coli producing PixB of X. nematophila was the same as on control E. coli, suggesting that PixB does not possess nematicidal activity towards C. elegans. It is conceivable that PixB of Xenorhabdus may inhibit growth of steinernematid nematodes. Insect hosts can be invaded by more than one species of steinernematid nematode, leading to competition between species of Xenorhabdus and their respective nematode partner [40] [41] [42] . In this case, production of PixB may provide a competitive advantage in co-infected insects. Alternatively, PixB may be not involved in interactions with nematodes but function instead during growth in the insect haemocoel (see below). The pixB gene was present in all five sequenced strains of X. nematophila, but only two of the nine sequenced strains of X. bovienii and three of the remaining 15 sequenced Xenorhabdus genomes. These findings, together with the variable presence of pixB in diverse Proteobacteria, suggest that PixB-type proteins may possess distinct functions in different species of bacteria.
We found that pixB in X. nematophila is regulated by a conserved s70 promoter and is expressed at higher levels in Grace's medium and in the insect haemocoel than in LB broth. However, intracellular inclusions were produced in cells grown in LB broth and not in cells grown in either Grace's medium or in the insect. Furthermore, pixB was expressed at higher levels than pixA in Grace's medium, but inclusion preparations of wild-type cells grown in Grace's medium contained higher levels of PixA than PixB. These findings suggest that the production of PixB is not primarily controlled at the level of transcription. One post-transcriptional mechanism that could limit the production of PixB under biological conditions is the binding of small regulatory RNA to the 5¢ coding region of pixB mRNA. In this scenario, the sRNA would be produced when X. nematophila is growing in the insect but not in cells growing in LB broth. Alternatively, PixB may be maintained at low levels under biological conditions by a post-translational mechanism such as regulated proteolysis. For example, the levels of the sigma factor RpoS in E. coli have been shown to be regulated by the RssB adaptor protein [43] . The RssB-RpoS complex interacts with ClpXP protease that degrades RpoS during exponential growth. Perhaps when X. nematophila is growing in the insect, the putative post-transcriptional and/ or post-translational processes are induced to control the intracellular levels of PixB. In contrast, these processes may not be induced in X. nematophila growing in LB broth, resulting in increased levels of PixB and the formation of crystalline inclusions. We showed that in LB broth the viability of wild-type X. nematophila decreased markedly in stationary phase whereas the viability of the NMI2 strain that lacked PixB production was prolonged during stationary phase. Interestingly, in Grace's medium in which PixB was presumably maintained at lower levels, the viability of wild-type X. nematophila did not decrease significantly. Whether modulating levels of PixB affects cell viability during the life cycle of X. nematophila remains to be determined. Further studies on the regulation and function of PixB in X. nematophila may provide a broader understanding of its roles in other species of Xenorhabdus and the diverse bacteria that possess pixB-type genes.
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